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ABSTRACT 

SB 203560 [4-(4-fluoroph0nyt)-2"(4-methylsulfinylphenyO"5"(4- 
pyridyi)imidazole}, a selective cytokine suppressive binding 
protein/p38 kinase inhibitor, was evaluated in several models of 
cytokine Inhibitjon and inflammatory disease, it was demon- 
strated clearly to be a potent inhibitor of inflammatory cytokine 
production in vivo in both mice and rats witli IC^o values of 15 
to 25 mg/kg. SB 203580 possessed therapeutic activity in 
collagen-induced arthritis in DBA/LACJ mice with a dose of 50 
mg^g resulting in significant inhibition of paw in^ammation and 
serum amyloid protein levels, Antiarthritic activity was also 
observed in adjuvant-induced arthritis in the Lewis rat when SB 
203580 was administered p,o, at 30 and 60 mg>1<;g. Evidence 
for disease-modifying activity in this model was indicated by an 
improvement in bone mineral density and by histological eval- 



uation. Additional evidence for beneficial effects on bone re- 
sorption was provided in the fetal rat long bone assay in which 
SB 203580 inhibited '^Ca release with on IC50 0,6 ^Wt. In 
keeping with the inhibitory effects on Hpopolysacchadde-in- 
duced tumor necrosis factor-a in mice, SB 203580 was found 
to reduce mortaiity in a murine model of endotoxin-induced 
shook. In immune function studies in mice treated with SB 
203580 (60 mg/kg/day for 2 weeks), there was some suppres- 
sion of an antibody response to ovalbumin, whereas cellular 
immune functions measured ex vivo were unaffected. This 
novel profile of activity strongly suggests that cytokine inhibi- 
tors could provide significant t>enefit in the therapy of chronic 
inflammatory disease. 



Cytokines such as IL-i and TNF-a play a predominant role 
during inflammatory responses and autoimmune disease 
(Dinarello, 1991). Evidence for their key participation in 
acute and chronic inflammation has been provided by the 
demonstration that protein antagonists such as IL-lra and 
monoclonal antibodies to TNF~a, and its soluble receptor, can 
interfere with various acute and chronic inflammatory re- 
sponses. Another approach to the control of proinflammatory 
cytokines is to inhibit their production, ideally through the 
use of p.o. active low molectdar weight compounds. One class 
of compounds that is effective in this respect is the pyridiny! 
imidazoles which have been shown to inhibit cytokine pro- 
duction in vitro, and in vivo they can attenuate the inflam- 
matory components of disease in the absence of generalized 
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immunosuppression (Griswold et aL, 1988; Lee et aL, 1993; 
Keddye* aL, 1994), 

SB 203580 [4-(4-fluorophenyl)-2-(4-methyl&ulfinylphenyl)- 
5-(4-pyridyl)imidazole] (fig. 1) is a member of a new series of 
pyridinyl imidazole compounds which inhibit IL-l and 
TNF-a production from LPS-stimulated human monocytes 
and the human monocyte cell line THP-1 with ICgo values of 
50 to 100 nM (Lee et ah, 1994a,b; GaHagher et a/., 1995). The 
term CSAID™ has been coined for these compounds and they 
have shown activity in a number of animal models of acute 
and chronic inflammation (Lee ef aLy 1993). The molecular 
target of SB 2035S0 and related compounds has been iden- 
tified as a pair of closely related mitogen-activated protein 
kinase homologs, alternatively termed CSBP (I-ee et cL, 
1994b), p38 (Han et al, 1994) or RK (Rouse et aL, 1994). The 
binding of the CSAID™ compounds to the target CSBP in 



ABBREVIATIONS: IL. interleuktn; TNF, tumor riocrosis factor; LPS HpopoEysaccharide; CSBP, cytokine suppressive binding protein; CO, 
cyctooxygenase; RAP. rapamycin; RPWi, Rosweli Park Memoriai Institute; Con A, concanavalin A; OVA, ovalbumin; CFA, complete Freund's 
adjuvant; SAP, senjm amyloid protein; AA, adjuvant arthntis; BMD, bone mineral density; BMC, bone mineral content; DXA, dual X-ray 
absorptiometry; PTiH. parathyroid hom^one; gal, gaiactosamine; LP, 5-lipoxygenafle. 
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Fig, 1. Structure of SB 203580. 

THP^l cytoeol correlates with their cytokine biosynthesis 
ii>hibition (Lee et aL, 1994b), indicating a roie for CSBF in 
the production of cytokines in response to various stimtdi 
(Lee and Young, 1996), 

Compounds structurally related to SB 203580 have been 
tested previously in a number of animal models for their 
anti-inflammatory activity, including collagen-induced ar- 
thritis (Griswold aL, 1988) and endotoxin shock (Badger et 
aL, 1989; Olivera et aL, 1992). These models are relatively 
insensitive to CO inhibitors, which adds credence to the 
cytokine suppressive nature of the CSAID*™ molecules. In 
this manuscript, we show that cj^kine oihibition with SB 
203580 baa beneficial effects in animal models of disease 
with only minor effects on immune function. 

Materials and Methods 

Animal^^ DBA/1 LACJ, BALB/c and C57BL/6 male mice were 
obtained from Jackson Laboratories (Bar Harbor, ME). Male Lewis 
rats were obtained trom Charles River Laboratories (Raleigh, NC.) 
Within any given experixaent^ only animals of the same age were 
used. All experimental procedures were in accordance with National 
Institutes of Health guidelines and were reviewed by the SmithKHne 
Beecham Animal Gate and Use Committee (King of Prussia, PA), 

Materials^, SB 203680 [4"<4-fluorophenyl>2-(4-m©thylsulfinyl- 
phenyl)-5^4-pyridyl)imidas£ole) was synthesized at SmithKMne 
Beecham Pharmaceuticals (Sg. 1), For in vivo assays, SB 203580 was 
administered p.o. in 0.03 N RC1*0.5% tragacanth (Sigma Chemical 
Co,, St. Louie* MO) at the doses indicated. RAP was prepared by 
fermentation at SmithKline Beecham Pharmaceutical& (Brockfaam 
Park^ VK). RPMI 1640 was obtained from Flow Laboratories (Kock- 
ville, MI> and contained 10% fetal bovine serum, 100 U/mi of peni- 
cillin, 100 ^ml of streptomycin and 2 mM L-glutamine (GIBCO, 
Grand Island, NY). This medium will be known as BPMI-IO, Con A 
was obtained (rom Pharmacia Fine Chemicals (Piscataway, NJ). 
Endotoxin {LPS) was either Escherichia coli, type W or Salmonella 
typhosa (Difco Laboratories, Detroit MI) and OVA was from Sigma. 

LFS^ludueed TNF production in miee and rata. BALB/c male 
mice in groups of three to five were treated with vehicle or compound 
by p.o, gavage and 30 min later the animals were ir^ected i,p, with 25 
/Ag/mouse of endotoxin {E. coll, type W, Difco). Two hours later, the 
animals were euthaniaed by carbon dioxide asphyxiation and plasma 
was obtained from individual animals by collecting blood into hepa- 
rinissed tubes. The samples were clarified by centrifugation at 
12,500 X ^ for 5 min at 4''C, The supematants were decanted to new 
tubes (may be stored at -20*'C) and were assayed for mouse TNF™<3f 
by ELISA (Olivera et al., 1992). The range of sensitivity of the ELISA 
is 25 to 800 pg/ml of mouse TNF-«. For the induction of TNF-or in 
Lewis ratSj the animals were treated v^fith SB 203580 30 min before 
the iiyection of LPS <30 tig/k^ i.p^X TNF-a levels were measured 90 
min later by ELISA. 

Collagen-induced arthritis. Type 11 collagen arthritis was in- 
duced in male DBA/1 LACJ mice (30-35 g, Jackson Laboratories) by 
the method of Wooley <198B), The mice were primed with an emul- 
sion consisting of CFA (Difco Laboratories) combined with an equal 
volume of a freshly prepared solution of 2.0 mg of colleen type II 
(bovine nasal septum, Blastin Products Co., Inc., Owens ville, MO) 



per ml of 0.01 N acetic acid. Extra Mycobacterium butyricum (Difco) 
was added to the CPA to make the concentration twice that present 
in the commercial preparation- The CFA/coUagen emulBion was pre- 
pared by nsixing through two connected 20-ml syringes. An intrad- 
ermal iryection of 0.1 ml of emulsion per mouse was administered at 
the base of the tail. Twenty-one days later» the mice were boosted by 
an i,p, ityection of 0.1 ml of freshly prepared 1.0 mg of bovine 
collagen Il/ml of 0.01 N acetic acid per mouse. Joint swelling pre* 
seated within a few days and the mice were evaluated for incidence 
and severity of inflammation, assigned randomly to study groups, 
ear tagged and the individual mouse's dosing regimen was begun. 
Severity of joint swelling was determined subjectively for each limb 
by using a scale of 1 (one or more phlanges per limb) to 4 (maximum 
swelling per limb), A seventy score of at least 2 on one limb (exclud- 
ing phlanges) was required for an animal to be assigned to a study 
group. Before dosing, each mouse was bled by the tail vein for a 
serum sample (100-150 fd of blood). Disease severity was assessed 
on days 7 and 10 after which blood was collected (tail vein on day 7 
and by exsanguination on day 10) for serum. The serum samples 
were assayed for mouse SAP by using a radio immunologically quan- 
titated Western blot method (Griewold et <xl, 1988), 

Statistical ajaalysis. Clinicail severity and levels of SAP and 
TNF-a were analyzed by using the Student's t test, with F values lees 
than .05 considered significant 

AA. AA was induced by a single injection of 0.75 mg of A/, butyri- 
cum (Difco) suspended in paraflin oil into the base of the tail of male 
Lewis rats, 6 to 8 weeks old (160-180 g). Hindpaw volumes were 
measured by a water displacement method on day 16 and/or day 22, 
Test compounds were homogenized in acidified 0.5% tragacanth 
(Sigma) and were administered p.o. in a volume of 10 ml/kg. Control 
animals were administered vehicle (tragacanth) alone. 

Percentage of inhibition of hindpaw lesions was calculated as 
follows^ 

_ AA (Treated) 

%Inhzbmon^l- ^^^^^ ^xl00 

For statistical analysis* paw volumes of rats treated with SB 203580 
were compared to the untreated controls by Student*s t test. 

HMD, as well as BMC and bone area were determined for the 
distal tibia by DXA by using the Hologic QDR-1000 equipped vnth 
high resolution scanning software as we have described previously 
(Bradbeer et al, 1996), 

Tibio-tarsal joints from representative animals &t>m the following 
three groups of rats were examined histologically; normal rats, AA 
control rats and AA rats treated with SB 203680 at 60 mg^day, 
Kats were sacrificed by CO^ administration and the rear legs were 
fixed in formalin, decalcified in formic acid and the feet removed 
from the legs at the distal tibial diaphysis. After routine processing, 
the feet were embedded and coronal sections were cut in the plane 
midway through the tibiotarsal and tarsotarsal joints* Sections were 
stained with Safranin O and counterstained with fast green. 

Bi€>aaaay for ILr-6, Serum samples were obtained when the rats 
were euthanized. IL-6 levels were determined by using the previ- 
ously describod B9 bioassey (Aarden et a/., 1985). Briefly, B9 cells 
(5 X 10* cells/well in 96-well flat-bottomed plates) were cultured at 
37*C with serial dilutions of rat serum in a final volume of 100 jul of 
RPMMO. After 68 hr, 0.5 fiCi of [*H]thymidme was added and was 
ia<nibated for 6 hr at 37*C. Cells were harvested and radioactivity 
incorporation was determined. IL-6 was quantified from a standard 
curve including known amounts of rat IL-6 (0.1-100 pg^ml). B9 
proliferation was unaffected by any agents used in this study. 

Fetal rat long bone resorption assay. This assay was per- 
formed essentially as described previously (Raisz, 1&65; Stem and 
Raisz, 1979). Timed-pregnant Sprague Dawley rats (Taconic Farms, 
Germantown, NY) were iiyected s.c with 200 ^Ci of ^^CaCla on day 
18 of gestation, housed overnight, then anesthetized with Innovar- 
Vet (Pittman-Moore, Mundelein, IL) and sacrificed by cervical dislo- 
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Fig, 2. Inhibition of ptasma TNF levels In BALB/c msce, SB 203580 was 
administered 30 min before UPS chaltenge m6 TNF was measured by 
ELiSA 2 hr later. Date are presented as percer^tage of inhibition by 
using three to five ammafs per group. Significant inhibition was ob- 
served at 50, 25 and 12.5 mg^g {P < .001) with an IC50 of 16 mg/kg. 

cation. Fetuses were removed aaepticaliy and radii and ulnae were 
dissected free of surrounding soft tissue and cartilaginous end«. The 
bones were cultured 18 to 24 hr in BGJi, medium (Sigma) containing 
1 mg/ml of bovine serum albumin, then were transferred to 6resh 
medium and cultured for an additional 48 hr in the absence or 
presence of 60 ng/ml of PTH (human^ 1-34) and teet compound. 
Calcium released into the medium and total residual calcium in the 
bones were measured by liquid scintillation spectrometry. Data are 
expressed as the percentage of calcium released from treated bones 
as compared to corresponding control bones. Statistical differences 
were assesBed by using a one-way analysis of variance for nonpaired 
samples. Data are presented as mean ± S.E, 

Endotoxin shock. Pathogen-free male C57BL/6 mice were ob- 
tained from Jackson Laboratories. Age-matched mice, 6 to 12 weeks 
old, were used. This model of shock was performed as described 
previously (Badger e*a^., 1989; Olivera aL, 1992X Briefly, 0.1 ^igof 
LPS from Salmonella typhosa (Difco) mixed with D-(-!-)-gai (Sigma: 
500 mg/kg) was i^yected i,v, in 0.25 ml of pyrogen-free saline (this 
mixture is referred to as LPS/D-gal). Compounds to be tested were 
administered p.o. 30 min before the Lv. iiyection of LPat>-gal. Blood 
was collected vUt cardiac puncture I hr after LPS/D-gal and serum 
samples were stored at •~20''C until evaluation for TKF-a by ELISA. 
Survival was monitored, in separate groups of animals, for 46 hr 
after LPS challenge, at which time no further deaths occurred in 
either treated or untreated control mice. 

Immune fimctioxt assays. Female BALB/c mice were immu- 
nized with 100 fig of OVA in 60 ftl of CFA in both hind footpads (OVA 
was prepared at 4 mg/ml and diluted 1:1 in CFA). Mice were then 



treated for 5 days a week for 2 weeks with 60 mgfkg of SB 2035SO or 
50 mg/kg of RAP administered i.p- in a vehicle composed of 10% 
ethanol, 10% cremophor and 80% saline. At the termination of the 
experiment (day 12), spleen and lymph nodes were harvested and 
cell sxispensions were prepared by standard procedures. For the 
response to OVA and Con A, lymph node cells (5 X lO**) were estab- 
lished in Qfr-well round bottomed plates in the presence or absence of 
serially diluted Con A or OVA for 72 hr. For the mixed lymphocyte 
reaction, cells from treated BALB/c mice {1 X 10*) were established 
in 96-well flat bottomed plates along with CSTBL/e-irradiated (3000 
R) stimulator cells (1 x 10*), Cell cultures were incubated at 37*0/5% 
CO2, with 0.5 fiCi of t^Hlthymidine added for the last 18 hr of culture. 
Cell-associated radioactivity was measured after collection onto 
glass-fiber filters by scintillation counting. For OVA-specific anti- 
body response, sera from immunised mice were tested for activity by 
ELISA which has been described in detail previously (Reddy et uL, 
1994), 



Results 

Inhibition of TNF-a and coUagen-induced arthritis 
in mice* Demonstration of the ability of SB 203580 [4^4^ 
nuorophenyl)-244-methylstafmylphenyl)-6~(4"pyridyl>imida- 
zoie] to inhibit inflammatory cytokine production in vivo wa« 
accomplished by using BALB/c mice challenged with LPS (25 
fx% i.p.). As seen in figure % SB 203580 given p.o. 30 min 
before LPS challenge inhibited the production of TNF-a 
(ED50, 15 mg/kg p.o,). 

Given the potent ability of SB 203680 to inhibit TNF-a 
production in vivo, it was of interest to evaluate the effect of 
the compound on a chronic inflammatory model. Collagen- 
induced arthritis was induced in DBA/1 LACJ mice by injec-' 
tion of bovine Type 11 collagen in CFA at the base of the tail, 
followed 21 days later by a booster iiyection of collagen sol- 
ubUis^ed in acetic acid (Lp.). Animals with significant disease 
were treated with SB 203580 (50 mg/kg p.o., bJ.dJ. At the 
end of 7 days, the disease severity was judged on a scale of 0 
to 4^ and blood was obtained for analysis of serum amyloid P 
component. Ab seen in table 1, in two separate studies, SB 
2035B0 significantly reduced disease severity (72%, P < .01 
and 45%, P < ,05, respectively) as well as acute phase reac- 
tant (SAP) levels (42%, P < .05 and 52%, P < .001, respec- 
tively). 

InMbition of TNF*a aitd AA in rats* TNF-a was also 
inhibited in SB 203580-treated Lewis rats. This was shown 
by treating normal rats with SB 203580 p,o. 30 min before a 
challenge with 30 mg/kg of LPS i.p. Plasma TNF-^a levels 
measured 90 min later were inhibited by 53% at 25 mg/kg 
(P < .01) and by 38% at 12.5 mg/kg (P < .01) with no 
inhibition observed at 6.2 mg/kg (table 2). 

In the rat model of AA, p.o. administration of SB 203580 



TABLE 1 

Effect of SB 203580 on type II coHaQ^-induced ArthHtls In DBA/1 mice 

mts table summarizes two studies in which the mfce were dosed for 7 days at 50 mgflig (p.o„ bJ.d.), aftof the animate had presented wfih paw or joint edema/swelHng. 
The data are the mean ± S.E. from a ^remp of vehtcfe (0.03 N HCl/0.5% Tragacanth) arrci SB 2035ao-treated controls. In Experimem 11, the mice were entered Into the 
^iiHi/ »ft fiiiK/ mftitiUifTiimt&d OFouDs. Data are skiniflcamtv different from the control; " p < ,0S; ** P < .01; P < ,001 . 



Treatm&nl 


n 


SflVflrity Ind&x 


% 


n 


SAP 


% 


Experiment ! 
Control 


9 


5.86 ± 1.17 




9 


189.89 i 28.29 




SB 203560 


8 


1.63 ± 0.79 




8 


110.66 ± 17.75 


Exp^ment H 
Control 


10 


5,76 ± 0.83 




8 


181,30 ± 10.36 


52*** 


SB 203580 


10 


3.15 ± 0,51 


45* 


8 


86.61 ± 6,23 



1 456 Badger et al. 



Vol 279 



TABLE 2 

Inhibition of LPS-stimulated TNF-a levels In SB 203580 Lewis 
rats 

Rats were dosed (p.o.) 30 n\\r\ before treatment with LPS (30 jxg/kg/i.p.). Plasma 
TNF was measured 90 min after LPS administration. Data are mean Tt S.E. for six 
animals per group. * P < .05; " P < .01 . 



Treatmfim TNF-o % inhibition 









Control (untreated) 


42.15 ± 5,05 




SB 203680 






25 mg/kg 


19.91 ± 2,77 




12.5 mg/kg 


26.20 ± 4,56 


36- 


6.25 mg/kg 


36.76 ± 3,56 


13 N.S. 



(10, 30 and 60 mg/kg p.o.) from day 0 to day 22 inhibited the 
development of immune-mediated hindpaw mflammatlon. 
On day 16, there was 86% inhibition at 60 mg/kg (P < ,001) 
and 62% inhibition at 30 mg/kg (P < .01), with no effect 
observed at 10 mg/kg (fig. 3A). By day 22, the anti-inflam- 
matory effect had lessened somewhat with 60% (P < ,001) 
and 45% (P < .01) inhibition at 60 and 30 mg/kg, respectively 
(f!g. 3B). 

The anti-inflammatory and antiarthritic activities of SB 
A. 



L4 -1 




AA to 30 60 



SB 2035SO <mg/l^ 

B 




SB 2Q3Sm (mg/kg) 

Pig, 3. Dose-dependent suppression of hindpaw inflammation m rats 
with AA by prophylactic admmistration o1 SB 203580 from days 0 to 22 
{5 days a week). Paw inflammation was measured on day 16 (A) and on 
day 22 (8). Data are the mean and S.E.M. of 10 animals per group, 
**P < .01 ; **'F < .001 , compared to the untreated AA controls. 



203580 were evaluated further by examining the BMC and 
BMD of the distal tibia region in treated AA rats. On day 22 
when the rats were euthanized, hindlimbs were examined by 
DXA, When compared with the AA controls ^ there was a 
significant normalization of BMD (31%, P < .01) and BMC 
(26%, P < .01) in the rats treated with 60 mg/kg/day of the 
compound, indicating a protective effect on innammation- 
mediated bone destruction and/or a direct effect on bone 
resorption proximal to the inflamed joint (fig, 4, A and B), 

Histology of the tibio-tarsal joint from a normal rat and 
from rats challenged with adjuvant and then treated with 
vehicle (AA control) or SB 203580 is shown in figure 5. In the 
AA control joint, alt of the original bone and marrow has been 
replaced by granulation tissue and newly formed woven 
bone, Kemnants of articular cartilage are evident and the 

A. 

9.2S33-| pJL™ 




SB 2O3SS0 (me/k«[} 



a.&54S~i 



I 0,04«S- 

Ml 

% 

« 0-O42S- 



0.03SS- 
0.0348- 




f=lg. 4. Bone densitometry evaluation of tine distal tibia In AA rats 
treated with SB 203580. Rats were treated with various doses S days a 
week from day 0 to day 22. Values are the percentage of normal 
(assigned a value of 100%). mean and S.E.M. of 10 animals per group. 
A, the BMD value was 0.2822 :t 0.0045 for normal rats and 0.01633 ± 
0.0067 for AA rats, which is a 42% decrease in BMD in the diseased 
animals, B, the BMC vaiue was 0.0540 ± 0.0007 for normal rats and 
0,0343 t 0.001 for AA rats which is a 36% decrease in BMC in the 
diseased animals. The effect of SB 2035S0 was statistically significant 
on both BMD and BMC. "P < .01. 
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fig, 6* A, photomicrograph of a normal tjbio-tarsal |oint. CanceHous 
bone of the metaphysis (left) is s&parated from the epiphysis {middle) by 
the grovv^h piate (continuous pink line). The joint space between the 
tibia and tarsus (right) \s clearly visible. B, photomicrograph of a tibio- 
tarsal joint typical of a rat suffering from AA, Ali of the original normai 
man-ow and bor>e of the tibia and tarsus has been replaced by granu- 
lation tissue within which reactive woven bone has formed. The joint 
space (ainning vertJcaHy in approximately the same location as In the 
upper and lower panels) has been obliterated almost entirely by inRI- 
tratmg granulation tfssue and a large region of the artfcular cartHage on 
the tarsal side of the joint has been repfaced by granulation tissue. C, 
photomicrograph of a tibio-tarsal joint from a rat which had been 
challenged with adjuvant and then treated with SB 203580 (60 mg/kg/ 
day) for 22 days. Although a small amount of infiltration and cartilage 



TABLE 3 

Inhibition of serum lt~6 in AA rats treated with SB 203580 

SB 203560 ws$ administered orally 5x a week from day 0 to 22. S^rum IL-6 was 
measured on day 23, Data ^re mean ± S.E. ior 10 animals per group. *" P < ,001 . 



Treatment 




% Inhibition 




ng/mf 




Control AA rats 


1.85 ± 0.10 




SB 203580 






60 mg/kg 


1,11 0.13 




30 mg/kg 


1,43 ± 0.10 




10 mg/kg 


1 .75 ± 0.07 


5N.S, 



former joint space has been infiltrated with granulation tis- 
sue. The joint from the rat treated with SB 203580 shows 
protection of the joint space, articular surfaces and subchon- 
dral bone. Although the tibial metaphyseal cancellous bone 
and marrow have been replaced by granulation tissue, these 
components of the tarsus are normal. This histological ap- 
pearance is consistent with SB 203580 having retarded the 
progression of the adjuvant-induced arthritic lesion. 

Serum IL-6 levels in AA rats treated with SB 203580 on 
days 0 to 22 were measured in a B9 hybridoma proHferation 
assay. Normal rats had serum IL-6 levels of < 50 pg/mU 
whereas levels in rats with untreated AA were elevated as 
high as 1.85 ng/mL In rats treated with SB 203580, there was 
a 40% reduction in IL-6 at the 60 mg/kg dose CP < .001) and 
23% inhibition at 30 mg^g {P < .001) (table 3). 

Fetal rat long bone assay. As studies in the AA rat 
showed clearly that treatment with SB 203580 had disease- 
modifying activity and protective effects on both bone and 
cartilage, we examined the effect of the compound in a fetal 
rat long bone resorption assay. In this assay, osteoclast- 
mediated bone resorption is monitored by measuring the 
release of '*^Ca into the culture medium from preradiolabeled 
fetal long bones. SB 203580 inhibited resorption in a concen- 
tration-dependent manner; 3 /xM (85%, P < .001), i fxM {80%, 
P < .001) and 0.3 ftM (38%, P < .05). The IC.,o was 0,6 /xM 
(Bg, 6). 

Endotoxin shock. The effect of SB 203680 was evaluated 
in a mouse model of endotoxin shock. In this model, C57BL/6 
mice are sensitized with D-(-i-)-gal, which makes them highly 
susceptible to the lethal e0ects of endotoxin (LPS). One hour 
before an i.v. ipjection of LPS/D-gal, control mice have serum 
levels of TNF-a up to 4 ng/ml. This is reduced in a dose- 
dependent manner by prophylactic administration of SB 
203580 given 30 min before the injection of LPS/D-gal. Doses 
of 100, 50 and 25 mg/kg were active and inhibited TNF-a 
levels by 87% {P < .001), 62% {P < .001) and 42% (P < .001), 
respectively (table 4). In a separate group of mice that were 
monitored for survival, 84% of mice treated with the 100 
mg/kg dose of SB 203580 survived compared to only 17% of 
control mice. 

Immune function. In order to determine whether chronic 
administration of a CSAID"* molecule such as SB 203580 
had detrimental (suppressive) effects on the immune system, 
BALB/c mice were immunised with OVA in CPA and then 
treated for 2 weeks (5 days a week) with 60 mg/kg i.p. of the 



erosion can be seen on the tibial side {top), the joint space and articular 
surface are otherwise normal. Whereas the cancellous bone of the tibial 
metaphysfs has been lost and the marrow largely replaced by granu- 
lation tissue, woven bone has not yet formed. The bone and marrow of 
the tibial epiphysis and the tarsus are normal 



1458 Badger otaL 



Voi 279 



100-1 




1 1 r^^ ^■' " ' "r 



0,1 03 I 3 

SB203$(tO(aM> 

Fig, 6* SB 203580 inhtbtts FTH-stimulated feta! rat long bone resorp- 
tion fn vitm {iCgq - 0.6 >iM). Fetal rat radii and ulnae (four bones per 
treatment per experiment) w^e cultured tn the presence of 50 ng/ml of 
PTH and the indicated conoentratlona of SB 203580 for 48 hr as 
described under ^Mateiieds and Methods." Each data point represents 
mean and S.E.M, from three separate experiments. Bones cuKured m 
the absence of PTH released approximately 14% of the incorporated 
''^Ca, In the presence of PTH, control bones released approximately 
45% Of the incorporated *^Ca. 

compound or with RAP at 50 mg/kg. The serum antibody 
response of mice treated with HAP was suppressed totally by 
this treatment and there was a significant reduction in the 
anti-OVA serum antibody titer in mice treated with SB 
2035S0 (fig, 7A), However, when lymph node cells from 
treated mice were examined for their response to the spedb&c 
OVA antigen or to the mitogen Con A, no inhibition of pro- 
liferation was observed (fig. 7> B and C). Neither was there 
any inhibition of an allogeneic response in a mixed lympho- 
cyte reaction between spleen cells from treated mice and 
C57B1V6 stimulator (SOOO R) cells (fig. 7D), In all cases, the 
lymphocyte responses of KAP-treated mice were suppressed 
dramatically, 

Discussion 

The pyridinyl miidaasoles are a novel class of compounds 
that have potent inhibitory ejects on cytokine production 
both in vitro and in vivo, and also show anti-inflammatory 
activity in a variety of animal models (reviewed in Lee et aL, 

1993) . An early compound in this series, SK&F 86002, had 
cytokine suppressive activity (IC^o^ 1 /aM) (Lee et aL, 1993)^ 
but no significant antiproliferative activity (Reddy et aL^ 

1994) . In addition to cytokine suppressive activity, SK&F 
86002 and many structurally related analogs inhibited eico- 



sanoid metabolism in LO and CO enzyme assays (Griswold et 
aL, 1987). In keeping with this profile of both cytokine and 
eicosanoid inhibition, SK&F S60D2 and related compounds 
showed therapeutic activity in mouse collagen-induced ar- 
thritis (Griswold et aL, 1388) and carageenan-induced in- 
flammation (Lee et aL, 1993), as well as analgesic activity in 
mouse abdominal constriction assays (Lee et at., 1993). These 
activities, however, could not totally be attributed to LO/CO 
inhibition and the compounds clearly did not act as classical 
nonsteroidal anti-inflammatory drugs. Evidence for this was 
their activity in assays and models relatively insensitive to 
CO inhibition such as collagen-induced arthritis (Griswold et 
aL, 1988), the fetal rat long bone resorption assay (Votta and 
Bertolini, 1994) and mouse models of endotoxin shock (Bad- 
ger et aL, 1989; Oiivera et aL, 1992). 

In studies designed to define the mechanism of cytokine 
suppression by the pyridinyl imidazoles^ it was revealed that 
inhibition of TNF-a synthesis was primarily at the transla- 
tional rather than the transcriptional level (Lee et aL, 1990; 
Young et aL, 1993), and that a block occurred before nascent 
peptide elongation (Young a?., 1993; Prichette^^^^., 1996; P. 
R. Young, unpublished data). Recent investigations using 
THP,1 cells, radiolabeled chemical probes for radioligand 
binding assays and photoaffinity labeling experiments have 
identified the molecular target of these compounds to be a 
pair of closely related mitogen-activated protein kinase ho- 
mologs termed CSBPs (Lee et aL, 1994b), CSBF, alterna- 
tively termed p38 or HK, has subsequently been identified 
independently by several laboratories (Lee et aL , 1994b; Han 
€t aL, 1994; Rouse et aL, 1994). 

Inhibition of CSBP kinase activity by these compounds 
correlates with cytokine inhibition and THP.l cytosol bind- 
ing assays (Lee et aL, 1994bX SB 203580 [4-(4''fluorophenyl)- 
2-(4-methyl&ulfinylphenyl>-5-(4-pyridyl)imidazole], a newer 
member of the pyridinyl imida^oles^ is the best studied com- 
pound and has an ICgo of 0.22 pM as a CSBP inhibitor 
(Cuenda et aL, 1995; Gallagher et aL , 1995; T. F. Gallagher et 
aL^ in press, 1996). The compound is highly specific for CSBP 
kinase with no inhibitory activity observed on a variety of 
other kinases (Cuenda et aL, 1995). A physiological substrate 
of CSBP is MAPKAP kinase-2, and SB 203580 inhibits the 
activation of this kinase and its subsequent phosphorylation 
of hsp 27 in stress-stimulated cells (Cuenda et aL^ 1995). In in 
vitro monocyte cultures, SB 203680 inhibits IL-i and TNF-a 
from LPS-stimuiated human monocytes (IC^o* 50-100 nM) 
as well as the production of leukotriene B^ from calcium 
ionophore (A23187)-stimulated human monocytes dC^o* ^-^ 
fjM) (M. Chabot-Fletcher, unpublished observations). In 
HL"60 cells, SB 203580 had little effect on the LO pathway, 



TABLE 4 

SB 203580 Inhibits senim Tnf€f and Improves survival In a murfne model of endotoxin shock 

Male CS7BLy6 mtoe w^e treated p.o, with SB 203580, 30 min before LPS/o-gaJ g^ven l.v, Sw^m TNF was measured 1 hr later. Data are mean and S.BM. of three to 
fh/o animata per group. Survival was monHored in a s^>arate group f>i mice (six per group). *P < .Q5by Raher's exact testt. ND ^ not dcwie. 

TTeatmerrt/Oos« TNF-a % IfitiibiUon % Survival 



Control 3789 ±142 17 

SB 203680 

100 mg/kg 490 Z 172 87'** 54* 
50 mg/kg 1444 ± 130 62**" 20 N.S. 
25 mg/kg 2246 ± 130 42**" ND 
12.5 mg^g 3514 ± 214 7N.S. ND 
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Fig, 7, Immune function in BALB/c mice treated with SB 203580 at 60 mgAig l.p. for 2 weeks. Mte© were immunized in the hind footpads with 
OVA in CPA as described under "Materials and Methods." A, seaim antibody response to OVA measured In an ELISA assay. Data are from pooled 
semm samples. B, proHferative response of »ymph node cells to varying doses of OVA. Data are mean and S,D. of six replicates. C, proHferative 
response of iymph node cells to varying doses of Con A, Data are mean and S,D, of six rephcates. control untreated; SB 203580; A, RAP; 
and D, mixed lymphocyte reaction of treated BALB/c spleen ceMs against Irradiated (3000 R} 0578176 stimulator cells. Data are mean and S,D, 
of stx replicates. 



but potently inhibited prostaglandin synthesis. SB 
203580, however, had no direct inhibitory activity on pitu- 
itary growth hormone Synthase-1 and only modest inhibitory 
activity on LO {IC50. 58 pM). The involvement of CSBP in the 
regulation of arachidonic acid availability, which is the rate 
limiting step for both LO and CO production, provides one 
mechanism which may explain these observations. In plate- 
lets, CSBP mediates the activation of cytosolic phospholipaae 
A2 by phosphorylation of cytosolic phospholipase A2 in re- 
sponse to a thrombin agonist peptide (Kramer et al., 1995), 
This activation was correlated with the subsequent release of 
arachidonic acid and formation of CO products. The observa- 
tion that SB 203580 inhibits the synthesis of the inducible 
COX-2 enzyme provides an additional mechanism by which 
CSBP can regulate prostanoid synthesis {Lee et aLy 1994a). 



In the studies reported in this paper, we have profiled SB 
203580 in a number of pharmacological models both in vitro 
and in vivo and demonstrated its activity in a wide variety of 
TNF-a-mediated animal models. SB 203580 inhibited LPS- 
induced TNF-a in vivo in both mice and rats with IC^o values 
of 15 and 25 mg/kg, respectively. This inhibition of TNF-a 
was an indication that disease models such as mouse collag- 
en-induced arthritis and rat adjuvant arthritis would be pos- 
itively modulated by the compound. This was indeed the case 
andt in collagen-induced disease in DBA/1 lACJ mice, SB 
203580 dosed for 7 days at 50 mg/kg p,o. (b,i,d,) reduced joint 
edema by 72 and 45% in two separate experiments, SAP, an 
acute inflammatory protein in mice, was also inhibited by 42 
and 52%, respectively, in the two experiments. Evidence for 
the crxticaJ role of endogenous TNF-et in this disease model 
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has been provided by the observations that administration of 
anti-TNF-a antibodies can ameliorate the disease (Piguet et 
aL, 1992; Thorbecke et aL, 1992; WilUams et aL, 1992) and 
that TNF-ct transgenic mice spontaneously develop arthritis 
(Keffer et al, 1991X 

TNF-a clearly plays a proinflammatory role in anotJier 
animal model of KA^ the AA rat, in which elevated levels have 
been observed in the plasma and joints (IMMartino et ah^ 
1993; Smith-Oliver et aL, 1993). in this disease model, SB 
203580 was very effective in reducing paw inflammation at 
doses of 30 and 60 mg/kg/day with optimum inhibition ob- 
served at 60 mg/kg/day (86% ixUiibitxon on day 16). Evidence 
for the protection of joint integrity at this dose was provided 
by the observation that there was a normalization of BMD 
(31%) and BMC (26%) as measured by DXA. This was also 
reflected in the histological evaluation of the affected joints, 
in which a clear beneficial effect was observed on both bone 
and cartilage. In keeping with the compound's disease-mod- 
ifying activity, our studies also demonstrated that serum 
levels of IL^6 were reduced in treated rats. This cytokine has 
been shown to be increased in diiferent biological Suids in 
patients with autoimmune disease, partictilarly RA (Hons- 
siau aLy 1988; Swaak et aL, 1988; Hirano et al, 1988), and 
the level in various inflammatory compartments appears to 
be a sensitive marker of disease activity. 

The protection of bone integrity in the AA rat led us to 
evaluate SB 203580 in a direct in vitro assay of bone resorp- 
tion, the fetal rat long bone assay. Cytokines such as EL-l and 
TNF-a have been shown to stimulate bone resorption in vitro 
and in vivo (Gowen and Mundy, 1986; Bertolini et aL, 1986; 
Tashyian et aL, 1987; Sabatini et aL, 1988), and it was 
reasonable to expect that a CSAID™ molecule would have a 
protective effect in this model system. SB 203580 dose-de- 
pendently (ICgo* 0.6 /aM) inhibited PTH-stimulated bone re- 
sorption. Although the precise mechanism of action of the 
compoimd (and other pyridinyl imidazoles) on bone resorp- 
tion has not been defined fiilly, it appears to be related to the 
compound*s cytokine suppressive properties as selective CO, 
and dual CO/LO inhibitors were inactive in this organ cul- 
ture system (Votta and Bertolini^ 1994). 

Another animal model in which TNF-a has been shown to 
play a predominant role is that of endotoxin-induced shock. 
We demonstrated previously that SK&F 86002, a dual inhib- 
itor of arachidonic acid metabolism as well as a C3^kine 
inhibitor, could reduce serum TNF-a levels and prolong sinr- 
vival in mouse shock models (Badger et aL, 1988). In addi- 
tion, we were able to demonstrate that antibodies to mouse 
TNF-a could protect mice against endotoxin-induced shock in 
mice that were sensitized with Proprionibacterium acnes 
(Badger et at, 1989), SB 203680, a more selective cytokine 
inhibitor with reduced inMbitory activity on LO and CO, 
reduced serum TNF-a in LPS/D-gai-sensitized mice and im- 
proved their survival at high doses. 

St is clear that SB 203580 is a potent inhibitor of IL-1 and 
TNF-a in vitro and that it is pharmacologically active in a 
number of animal models in vivo. The question of whether 
such a potent cytokine inhibitor would be immunosuppres- 
sive as well as having anti-inflammatory activity has been 
addressed by examining its activity in vivo in mice immu- 
nized with OVA. Apart &om partial inhibition of specific 
antibody levels against OVA, there was no suppression of 
OVA-specific T-cell proliferation, an allogeneic response or of 



mitogen (Con A)-induced proliferative responses. These re- 
sults and those reported previously with the dual inhibitor of 
arachidonic acid metabolism, SK&F 86002 (Lee et al, 1993; 
Reddy et al., 1994)^ show clearly that these compounds do not 
have overt immunosuppressive activity. 

Mechanistically, it is not clear at the present time to what 
extent the beneficial effects of SB 203580 are due to suppres- 
sion of TNF-a production or suppression of cytokine signal- 
ing. Given that SB 203580 has been shown, at least in vitro, 
to be effective in inhibiting cytokine signaling leading to 
either cytokine production or other downstream effects, it is 
safe to assume that in vivo, the compound may induce its 
antiarthritic activity via both the inhibition of cytokine pro- 
duction and action. As an in vitro example, SB 203580 has 
been shown to block IL-6 production in L929 cells stimulated 
with TNF-a (Beyaert et al, 1996). 

The pharmacological profile that we have described here 
for SB 203580, a potent CSBF/p38 kinase inhibitor, would 
appear to be one that would be desirable for an antiarthritic 
therapeutic agent. Despite numerous attempts over the 
years to design drugs with therapeutic potential for HA, 
there is still a real need for more effective^ less toxic treat- 
ments to control the progression of this disease. Most thera- 
pies, although supplying symptomatic relief^ do not alter the 
progression of bone and cartilage destruction in the affected 
joints. In recent years, it has become clear that a multitude of 
cytokines contribute to the overall inflammatory and bone 
destructive sequelae that occur in RA, and that targeting one 
or more of these cytokines could modulate the disease (Arend 
and Dayer, 1956; Elliott and Maini, 1995), TNF-a has 
emerged as a cytokine of pivotal importance in the disease 
process and inhibition of the production and/or effects of this 
cytokine is a rational therapeutic strategy (Feldmann et al., 
1994; Brennan et aL, 1995). Indeed, ongoing studies are 
demonstrating the efficacy of treatment of RA with monoclo- 
nal antibodies to TNF-a in EA patients (Elliott et aL, 1993; 
Maini et aL^ 1995). A small molecular weight orally active 
cytokine inhibitor with the pharmacological profile described 
in this manuscript could well provide significant beneficial 
effects in this disease. 
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